The DAZLA (DAZ Like Autosomal) gene on human chromosome 3 shares a high degree of homology with the DAZ (Deleted in AZoospermia) gene family on the Y chromosome, a gene family frequently deleted in males with azoospermia or severe oligospermia. The involvement of both DAZ and DAZLA in spermatogenesis is suggested by their testis-specific expression and their homology with a Drosophila male infertility gene, boule. Whereas male infertility resulting from deletion of the DAZ genes on the Y chromosome occurs sporadically, that due to a defective DAZLA gene is expected to be inheritable. The fraction of males with idiopathic azoospermia or oligospermia that harbour mutations in the DAZLA gene remains unknown. As a prerequisite for mutation screening, the genomic structure of the DAZLA gene was elucidated and found to consist of 11 exons spanning 19 kb. The exon/intron boundaries are conserved between DAZ and DAZLA. The 5Ј end of both genes are hypomethylated in spermatozoa but not in leukocytes or placenta, consistent with the expression pattern of the genes. The genomic structure of DAZLA paves the way for mutation detection in families with autosomal recessive male infertility.
Introduction
Although male infertility results from many factors, genetics undoubtedly plays a key role in the disorder. Some genetic diseases, such as Klinefelter syndrome, cystic fibrosis and Kartagener syndrome are known to affect male fertility (McKusick, 1992) . Recent studies show that among infertile males with idiopathic azoospermia or severe oligospermia, 5-10% had deletions of Y chromosome long arm (Yq) sequences (Kobayashi et al., 1994; Reijo et al., 1995; Kent-First et al., 1996; Najmabadi et al., 1996; Qureshi et al., 1996; Vogt et al., 1996; Pryor et al., 1997) . These deletions occurred in three non-overlapping regions, indicating the involvement of at least three Y-linked genes in spermatogenesis. Two gene families, RBM (RNA Binding Motif) and DAZ, have been isolated from the deleted regions, and both show testis specific expression and encode proteins with RNA binding motifs (Ma et al., 1993; Reijo et al., 1995) . The DAZ genes share a high degree of homology with an autosomal gene DAZLA/DAZH (DAZ homologue; Saxena et al., 1996; Shan et al., 1996; Yen et al., 1996) . In addition to the RNA binding motif, both genes encode a repeat of 24 amino acid residues (the DAZ repeat) whose function is unknown. The DAZ repeat is present as a single copy in DAZLA and as over seven copies in DAZ. It was proposed that the DAZ genes arose from the transposition of DAZLA to the Y chromosome followed by repeated amplification and pruning (Saxena et al., 1996) .
The role of DAZLA in spermatogenesis is supported by its testis specific expression and its homology to both DAZ and a Drosophila male infertility gene boule (Eberhart et al., 1996) . Identification of detrimental mutations within DAZLA in infertile males will provide the evidence for DAZLA being a male infertility gene, and also locate functional domains within the gene. Therefore we determined the genomic structure and sequences flanking the exon/intron junctions of the DAZLA gene and compared them with those of the DAZ genes. In addition, we found that the 5Ј ends of both DAZLA and DAZ are hypomethylated, a status that correlates with the gene activity.
Materials and methods
A human genomic library in λEMBL3Sp6/T7 (HL1067J) was purchased from Clontech (Palo Alto, CA, USA). The library was plated out at a density of 3ϫ10 4 plaque forming units (p.f.u.) per 100 mm plate and screened with a DAZLA cDNA probe f2 . Library screening, DNA isolation and sequencing were all carried out according to standard protocols (Sambrook et al., 1989) . Southern hybridization was carried out as previously described using 7 µg of genomic DNA (Yen et al., 1987) .
The sizes of introns were determined by use of polymerase chain reaction (PCR) with primers designed from the DAZLA cDNA sequence. DAZLA genomic clones (~50 ng) were used in 10 µl mixtures. The PCR reactions were carried out at 94°C for 1 min, 54°C for 1 min and 72°C for 1 min for 25 cycles with a final extension at 72°C for 10 min. The products were separated on 1% agarose gels.
Results

Genomic structure of the DAZLA gene
A human genomic library was screened with a DAZLA cDNA clone f2, resulting in the isolation of 22 independent clones Restriction maps of the 5Ј ends of the DAZLA gene and one of the DAZ genes. The maps were constructed from our characterization of DAZLA and DAZ genomic clones, and from the DAZ genomic sequences at the MIT web site (Saxena et al., 1996) . Homologous regions of the two genes are lined up vertically, and the locations of the hybridization probes, the exons, are indicated. The EcoR I sites in the maps are indicated with a capital R, where Msp I and BstU I sites are indicated by vertical lines above and below the maps respectively. Unmethylated and methylated sites in spermatozoa are indicated with open and closed circles respectively, at the ends of the vertical lines. Also shown in the figure are the locations and sizes (in kb) of the various restriction fragments detected in the Southern blots in Figure 2 . . Because the probe detected both DAZ and DAZLA sequences, clones containing DAZLA were identified by their preferential hybridization with a DAZLA probe. Six DAZLA genomic clones with overlapping restriction maps were characterized in detail ( Figure 1A ). The EcoR I fragments were subcloned into pUC19, and exon/intron boundaries were determined by DNA sequencing using primers designed from the DAZLA cDNA sequence . Intron sizes a The intron is inserted after the nucleotide position in the cDNA sequence . b The sizes of corresponding introns in DAZ, determined from our characterization of DAZ genomic clones and from the DAZ genomic sequences at the MIT web site, are shown in the parentheses. c Each file contains the exon and its flanking intronic sequences.
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were determined by PCR traversing the intron with primers from the flanking exons or by determining the location of the exon in an EcoR I fragment with a DAZLA specific primer and a primer in the vector flanking the cloning site. The results showed that the DAZLA gene consists of 11 exons, spanning over 19 kb ( Figure 1A and Table I ). The first intron interrupts the cDNA immediately after the initiation codon whereas the stop codon is located in the last exon. The 72 bp segment encoding the DAZ repeat is, by itself, an exon (exon 7). Sequences at all but one exon/intron boundary follow the GT-AG rule. The 5Ј splice site of intron 9 contains a GC sequence, a variant consensus sequence found in many mammalian genes (Jackson, 1991) . Sequences of each exon with~200 bp of flanking introns were deposited in the GenBank database. Saxena et al. (1996) recently predicted the intron insertion sites within the DAZLA cDNA based on the genomic structure of a DAZ gene. Our results agree with their prediction, and 707 support the hypothesis that DAZLA and DAZ originated from a common ancestral gene. In addition to the intron insertion sites, the sizes of the introns are also conserved (Table I) . Homology between the two genes is higher in exonic sequences than in intronic sequences, indicating evolutionary constraint on the conservation of exonic sequences of active genes (data not shown).
Methylation status of the DAZLA and DAZ genes
Methylation status of the 5Ј end of the DAZLA gene was studied by Southern hybridization with two methylation sensitive restriction enzymes, Hpa II and BstU I. Because probes from DAZLA inevitably cross-hybridized with the DAZ genes, the methylation status of the latter was analyzed simultaneously. Assignment of hybridization fragments to the respective genes was facilitated by the availability of their restriction maps ( Figure 1B) , and by comparison of hybridization patterns among males and females. Probe A from the 5Ј flanking region of the DAZLA gene detected EcoR I fragments of the same size (6.0 kb) from both DAZLA and DAZ, and a faint 2.3 kb fragment on the X chromosome ( Figure 2A, lanes 15 and 16) . Digestion of sperm DNA (from two individuals) with Hpa II and EcoR I produced two smaller fragments, a 4.0 kb fragment from DAZ and a 0.5 kb fragment from DAZLA (Figure 2A,  lanes 1 and 2) . The same 0.5 kb fragment was generated when a female leukocyte DNA sample was digested with EcoR I and Msp I, which cuts the same sites as Hpa II regardless of the methylation status (lane 7). The results showed that the first Msp I sites 3Ј of probe A in both genes are unmethylated in sperm DNA (indicated by vertical lines with open circles in Figure 1B) . Hpa II and EcoR I digestion of male leukocyte or placental DNA produced similar patterns as digestion with EcoR I alone (lanes 3-6), indicating that all the Hpa II/Msp I sites within the 6.0 kb EcoR I fragments were methylated in these non-expressing tissues. Similar results were observed with BstU I and EcoR I double digestion (lanes 8-14) , indicating that the 5Ј flanking regions of DAZLA and DAZ are hypomethylated in spermatozoa but not in leukocytes or placenta.
Probe B from intron 1 yielded more complex hybridization patterns due to partial methylation of some sites ( Figure 2B ). In addition, this probe detected two EcoR I fragments (4.2 and 3.2 kb) from different DAZ genes on the Y chromosome, and a 3.8 kb fragment on the X chromosome ( Figure 2B, lanes  15 and 16) . Figure 2A and B thus provide the first evidence for the presence of DAZ homologous sequences on the X chromosome. A restriction map is available only for the 4.2 kb fragment. Nevertheless, the presence of 3.8 kb and 0.4 kb fragments in Hpa II ϩ EcoR I digestion and 3.8 kb and 1.8 kb fragments in BstU I ϩ EcoR I digestion of sperm DNA indicated that sites in the 5Ј portion of intron I of both genes were not methylated in spermatozoa. The absence or faint signals of the above fragments in placenta and leukocytes indicated that these sites are mostly methylated. No tissue specific differences were observed when probe C, which spans exons 2 and 3, was used. On EcoR I digestion, this probe detected a 2.1 kb fragment in DAZLA and a 1.7 kb fragment in DAZ ( Figure 2C ). The addition of neither Hpa II nor BstU I to the EcoR I digestion changed the hybridization patterns notably, indicating that the Hpa II/Msp I and BstU I sites at the 3Ј end of DAZLA intron 1 were methylated in spermatozoa as well as in leukocytes and placenta. Therefore, our results show that the 5Ј ends of both DAZLA and DAZ are hypomethylated in sperm DNA, but not in leukocytes or placenta.
Discussion
The complex developmental process of spermatogenesis involves many genes. In Drosophila, male sterility results from P element insertion mutagenesis at over 50 loci (Castrillon et al., 1993) . The number of genes involved in mammalian spermatogenesis proves to be much larger than that of Drosophila, perhaps in the hundreds (Davies and Willison, 1993) . Defects in any of these genes may result in low or no sperm production, although some may have additional abnormalities. The high prevalence of Yq microdeletions in males with idiopathic azoospermia/severe oligospermia is likely attributed to the abundance of Y-specific repetitive sequences on Yq. Recombination between these repetitive sequences will result in the deletion of in-between sequences. Such deletions affecting male fertility are not likely to pass on to the offspring, therefore most cases of male infertility involving Y-linked genes represent sporadic events. Male infertility caused by a defective autosomal gene, such as the DAZLA gene on chromosome 3, is likely to be inherited in an autosomal recessive fashion (Lilford et al. 1994) . The fraction of azoospermic/severe oligospermic males who have a defective DAZLA gene remains to be determined. Screening these males for DAZLA mutations is now feasible since DAZLA specific PCR primers can be designed based on the available intronic sequences of both DAZLA and DAZ. Identification of detrimental mutations within the DAZLA gene will support a role of DAZLA in spermatogenesis. In addition, these mutations will locate functional domains within the gene.
DNA methylation is one of several mechanisms living cells employ to regulate gene expression. In general, a gene is less methylated in cells that express the gene than in cells that suppress it (Cedar, 1988) . Our studies showed that the 5Ј ends of human DAZLA and DAZ genes were hypomethylated in spermatozoa but hypermethylated in placenta and leukocytes. Similar sperm-specific hypomethylation was also observed at the 5Ј end of the human RBM genes (unpublished data), and the promoter region of a metallothionein I-driven transgene that showed testis-specific expression (Salehi-Ashtiani et al., 1993) . However, Ariel et al. (1994) found that three mouse spermatogenesis-specific genes, Pgk-2, ApoA1 and Oct-3/4, were unmethylated in adult spermatogenic cells in the testis, but were re-methylated in the mature spermatozoa in the vas deferens. Trasler et al. (1990) reported that the transition protein 1 gene became progressively less methylated during spermatogenesis whereas the protamine 1 and protamine 2 genes became progressively more methylated. These findings suggest that the expression of all testis-specific genes may not be regulated by methylation in the same manner.
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